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Abstract 
The prediction of the charge mobility in conjugated organic systems is of great interest in order to evaluate their 
potential use as active materials in a wide class of devices. In this field, one of the most used approaches for modeling 
this process is the Marcus theory, where one of the key parameters to be calculated is the intermolecular transfer 
integral, J. Different methods have been developed for J calculations, based initially on the Hartree-Fock 
Hamiltonian and more recently on the density functional ones. However, in literature only few works were focused 
on the reliability of the values of the intermolecular transfer integrals obtained with density functional calculations. 
Here, by using the energy-splitting-in-dimer approach we discuss the results of a study on the dependence of J on the 
type of the density functional approach used and compare them with data from Hartree-Fock Hamiltonian. We found 
that, under the hypothesis of the Koopmans approach, the Hartree-Fock and density functional results can be seen as 
the upper and lower limits, respectively, of the corresponding experimental value. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of S. E. Shaheen, D. 
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1. Introduction 
Conjugated organic systems are gaining importance as active materials in technological applications 
since, due to their electronic properties [1], they are strong competitors of inorganic semiconductors in 
developing a wide class of devices such as: Organic Light Emitting Device (OLED) [2,3], sensors [4] and 
solar cells [5]. In all these applications a fundamental point for improve the devices performance consist 
in the optimizations of the charge mobility that, from the molecular “point of view”, corresponds to the 
optimization of the charge transport process. The latter is strictly connected with the supramolecular 
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organization of the bulk and the charge transport mechanism, this implies a deep knowledge of the basic 
physical phenomena involved. As for inorganic semiconductors, due to their formally infinite 
tridimensional structure (being their bulk is described by an ordered crystal) without continuity solutions, 
the charge mobility could be described in terms of electronic band models. On the other hand, for the 
conjugated molecules form in the solid state only disordered or partially ordered bulks. Where, in the 
molecular units, intermolecular forces (bonds) are several order of magnitude (105) higer than 
intermolecular ones, and where their geometrical structure can be strongly modified after a charge 
injections. In this case, the charge mobility can be modeled as a non-adiabatic polaron hopping between 
the molecular units in the bulk. In the high temperature limit and for organic materials, this mechanism is 
usually described by the Marcus theory [6]. In the Marcus equation, the charge transfer rate constant is 
function of three parameters: a) the reorganization energy, b) the reaction energy, that for a self-exchange 
transfer reaction is equal to zero and c) the intermolecular transfer integral J. Points a and b are correlated 
to the activation energy of the charge transfer reaction, while J, being related to the interaction between a 
charged and a neutral molecule, is strongly dependent on their relative orientations and distance.  
For these reason, modeling the charge mobility requires both molecular dynamics techniques that can 
take into account the bulk organizations as well as an accurate and efficient method for the calculation of 
J, which is correlated with the charge transfer process. In literature, several methods, classified as direct 
and indirect approaches, were developed for the calculation of the intermolecular transfer integral. In the 
former J is directly evaluated from the coupling element of the two wavefunctions which describe the 
donor and acceptor molecules [7-9] while in the latter, known as “energy-splitting-in-dimer” [10-12], J is 
indirectly obtained through the calculations of the energy splitting of the two adiabatic states originated 
by the interactions of the diabatic ones that describes the donor and acceptors molecules. A further 
simplification, which allows a rationalization of the charge transfer rate of the conjugated systems for the 
evaluation of the splitting between the adiabatic states, is the use of the Koopmans theorem [13]. This 
approach denoted as “koopmans-energy-splitting-in-dimer” (KESD) it is widely used, due to the large 
dimension of the conjugated systems involved [14-17], in the description of the charge-transport 
properties of organic semiconductors.  
The KESD calculations as well as more sophisticated ones were initially performed using the Hartree-
Fock Hamiltonian. At present, the use of the density functionals is the most commonly choice for the 
modeling of charge transfer process, since their use in the quantum chemical calculations more 
conveniently scale with the molecular size with respect to post-Hatree-Fock method and directly include 
correlations effects. Nevertheless, we cannot forget some intrinsic problems in the use of the approximate 
exchange-correlations functionals such as: the incorrect asymptotic behaviours, the self-interaction-
energy, the reliability of the molecular orbital energies. To our knowledge, only few papers have 
investigated the dependence of J on the type of density functional theory (DFT) approach [18-21] used. In 
this work, we want further contribute to this issue by reporting the results of a quantum chemical study 
based on the KESD approach, where different exchange-correlations functional are tested on a series of 
model systems. These results will be discussed in the framework of the Koopmans theorem and compared 
with the Hartree-Fock ones.  
2. Discussion and results 
The charge transfer reactions considered in this paper and based on the hypothesis that the acceptor 
and the donors correspond to the same molecular species, is described as: 
M± + M → M + M± 
In the ESD framework, as previously introduced, the intermolecular transfer integral defined as the 
coupling between the diabatic states which describe the donor (M±, 
DΦ ) and the acceptor (M, AΦ ) 
systems: DA HJ ΦΦ= ˆ  (where Hˆ  is the total Hamiltonian of the interacting systems), is indirectly 
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calculated through the energy separation of the two adiabatic states originated by the donor/acceptor 
interaction in the scheme of the two-state model [22], see Figure 1.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Sketch of the interaction between the wavefunction of the diabatic states of donor (of a hole or an electron) 
and acceptor systems, assuming that their overlap is equal to zero. 
Neglecting overlap effects between the diabatic wavefunctions 
AΦ  and DΦ , J correspond to half of the 
energy difference between the two resultant adiabatic states (Ψ_ ,Ψ+): 
++−−+− −=−= ΨˆΨΨˆΨ2 HHEEJ        (1) 
When the KESD approach is applied a further simplification is introduced in Equation 1 and the 
difference E_-E+ is evaluated using the Koopmans’ theorem [22]. In this way, J becomes for hole 
(electron) equal to the difference between the ionization potentials, Ip (electronic affinity, Ea), corre-
sponding to the two delocalized molecular orbitals of the neutral dimers system which generated, for 
ionization, the two adiabatic states Ψ_ and Ψ+. Under the Koopmans’ hypothesis the Ip values can be 
replaced by the opposite of the corresponding molecular orbitals energy while the Ea ones can be replaced 
by the corresponding molecular orbitals energy. They usually are the HOMO and HOMO-1 (LUMO and 
LUMO+1) orbitals for holes (electrons) transfer, and consequently the transfer integral for the hole, Jh 
(electron, Je) becomes: 
112 −− −=−= HOMOHOMOHOMOHOMOh IIJ εε ,       LUMOLUMOLUMOLUMOe IIJ εε −=−= ++ 112 .   (2) 
Since 
MOoccI   and MOvirtI  .  can be, at least formally, correlated with the experimental values of the ionization 
potentials and electronic affinities of the dimer systems, here we assume the difference 2/)( 1 HOMOHOMO II −−  
and 2/)( 1+− LUMOLUMO II  as the experimental values of .exphJ  and .expeJ , respectively. For this reason it is 
important to estimate the ability of the theoretical model to reproduce the ionization potential or the 
electronic affinity of a molecular systems. In fact, it is well known that in the case of the ionization 
potentials the molecular orbital energy obtained with the Hartree-Fock Hamiltonian are relatively close to 
the experimental values while a lower agreement is found for the electronic affinities and that the density 
functionals may not predict accurately the molecular orbital energies. In literature, different authors have 
studied the reliability of DFT results (see for example Reference 25) but generally only small molecules 
are taken into account in model systems. Here, in Table 1 we show the results obtained for the HF and 
DFT predictions of the first ionization potentials for a series of small, medium and large molecular 
systems. In the case of DFT calculations, three different type of exchange-correlation functionals have 
been used: B3LYP, BHandHLYP and MPWB1K, the first two are based on the Hybrid Generalized 
Gradient Approximation (H-GGA) and the third on the Hybrid Meta GGA (HM-GGA) methods. The 
B3LYP functional has been adopted  because widely  used in  different typologies  of quantum  chemical 
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Table 1. Calculated (by Koopmans’ theorem) experimental values of the first ionization potential (Ip) for a series of model systems. 
 
 Ip(eV) 
Model system 
HF B3LYP BHandHLYP MPWB1K Exp. 
6-31G* cc-pVTZ 6-31G* cc-pVTZ 6-31G* 6-31G* Ref. 23,24 
Benzene 8.96 9.11 6.70 7.01 7.77 7.66 9.24 
Ethane 13.21 13.21 9.25 9.39 10.93 10.47 11.52 
Ethene 10.11 10.26 7.26 7.60 8.54 8.35 10.51 
Thiophene 8.79 8.90 6.33 6.62 7.47 7.33 8.86 
Furan 8.54 8.67 6.11 6.42 7.25 7.10 8.90 
Pyrrole 7.86 8.04 5.48 5.85 6.60 6.46 8.20 
Dithiophene 7.63 7.73 5.54 5.80 6.52 6.43 7.83 
ECZ 1 7.40 / 5.28 / 6.27 6.16 7.25 
EPNB 2 8.22 / 5.73 / 6.85 6.67 7.55 
DEANST 3 8.54 / 5.99 / 7.21 7.00 7.30 
 1 N-ethylcarbazole. 2 4-N,N-diethylamminonitrobenzene. 3 4-N,N-diethylammin-β-nitrostyrene. 
 
calculations, and the other two functionals because they gives good results in the electronic properties 
modelization of charge transfer systems (BHandHLYP) and on the prediction of the ionization potentials 
(MPWB1K).  
The results in Table 1 show that the HF data are, as expected, in more satisfactory agreements with the 
experimental one than the DFT predictions. The root mean square error (rmse), using the 6-31G* basis 
set, results to be 0.23, 0.41, 0.46 and 0.76 eV for the HF, BHandHLYP, MPWB1K and B3LYP 
calculations, respectively. It is also evident that better agreement between the experimental and density 
functional calculated values is obtained using the half-and-half functional BHandHLYP, while less 
satisfactory agreements corresponds to the use of the Becke-Lee-Yang-Parr (B3LYP) functional. An 
improvement to this agreement can be reached by using more accurate basis set. For example, using the 
Dunning’s correlation consistent triple zeta (cc-pVTZ) basis set, the rmse for the subset of the model 
systems reported in Table 1 is 0.25 eV (0.33 eV, for 6-31G*) and 0.89 eV (1.09 eV, for 6-31G*) for HF 
and B3LYP calculations, respectively. The most important point to underline is that two trends are clearly 
present. The Hartree-Fock results are averagely higher (in particular for larger molecular model systems) 
of the corresponding experimental values. The density functional results always underestimate them. In 
the Koopmans’ framework these results can be summarized as: 
DFT
HOMOp
HF
HOMO I εε <−< exp     (3) 
If we assume that the same relationship holds for the lower occupied molecular orbitals, for example, 
DFT
HOMOHOMOp
HF
HOMO I 1
exp
1,1 −−− <−< εε  we should expect that for the hole intermolecular transfer integrals hJ , calcula-
ted with the KESD approach, the following behaviour: 
   HF
hh
DFT
h JJJ <<
exp     (4) 
and on the basis of similar considerations for the electron affinity an analogous trend will be expected 
also for the electron intermolecular transfer integrals, 
eJ : 
   HF
ee
DFT
e JJJ <<
exp  .    (5) 
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Fig. 2. Scheck of the dimer (Xn)2 eclipsed cofacial configurations chosen for the KESD calculations showing as 
example the (T2)2 case. For each supramolecular structure the intermolecular distance between the two planes where 
the oligomers lie was fixed to 4 Å. 
To test the inequalities obtained in Equations 4 and 5 we take as model systems three series of 
oligomers based on the pyrrole Pn, furan Fn and thiophene Tn units, where n is ≤ 3. The evaluation of the 
intermolecular transfer integral J, accordingly to the KESD methodology, is done by building a neutral 
dimer starting from the geometries of the optimized neutral oligomer (the HF or B3LYP one for the 
Hartree-Fock or DFT calculation) choosing as configuration the eclipsed cofacial orientation (Figure 2) 
i.e. that where the interaction between the π-systems of the two oligomers is expected to be maximized. 
The intermolecular distance between the two units is set equal to 4 Å, which corresponds to the minimal 
distance where the overlap between the molecular wavefunctions of the donor and acceptor systems could 
be neglected. Including the DFT Hamiltonian used for the Ip calculations nine type of exchange-
correlation functionals have been used: six of H-GGA type (B3LYP, BHandHLYP, B971, B98, B3PW91 
and PBE1PBE), two meta M-GGA (BB95, MPWB95) and one HM-GGA (MPWB1K) where, except for 
the B3LYP one, are functionals that give good performance in the description of weakly bonded or charge  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Hole intermolecular transfer integrals Jh, calculated with the KESD approach, for a series of oligothiophenes 
(a), oligopyrroles (b) and oligofurans (c) using different model Hamiltonians. 
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Fig 4. Electron intermolecular transfer integrals Je, calculated with the KESD approach, for a series of 
oligothiophenes (a), oligopyrroles (b) and oligofurans (c) using different model Hamiltonians. 
transfer systems. For comparisons the Hartree-Fock Hamiltonian was also used. The results for the holes 
and electron transfer integral calculations are collected in Figures 3 and 4, respectively. 
The trends shown in the Figures indicate that, al least for the presented cases, our hypothesis on the 
KESD method are confirmed and the Equations 4 and 5 are full satisfied. For the hole and electron 
carriers the Hartree-Fock results are greater of the DFT ones, and a somewhat “systematically” gap it is 
present between them. This implies as previously discussed that the values of Jh and Je calculated with the 
Hartree-Fock approach or with the density functionals can be seen as the upper and lower boundary limits 
within it is included the experimental value of the intramolecular transfer integrals. Among the different 
exchange-correlation functionals used, taking into account the HF upper limit the best results obtained are 
those with the BHandHLYP functional, while the results obtained with the widely used B3LYP should be 
considered less satisfactory. Globally, for the hole and electron J calculations we obtained the following 
increasing trend on the exchange-correlation performances: BB95 < MPWB95 < B3PW91 < B3LYP < 
B971 < PBE1PBE ≈ B98 < MPWB1K < BHandHLYP. 
3. Conclusions 
The comparison between the Hatree-Fock and Density Functional results, in the framework of the 
Koopmans’ theorem, has allowed us to identify two different trends in the intermolecular transfer integral 
calculations in the energy-splitting-in-dimer approach. The former and the latter Hamiltonians give a 
overestimation and an underestimation of the experimental value. In this way, these boundary limits 
represent the interval within which the expected experimental value of J is enclosed, and could somewhat 
give an estimation of the reliability of the quantum chemical modelization. Finally, using the upper limit 
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of the quantum chemical prediction given by the Hartree-Fock results, we can test the performance of the 
different exchange-correlation functional proposed in literature. 
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